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Following almost a century of debate on possible 'inde- 
pendent of measurement' elements of reality, or 'induced' el- 
ements of reality - originally invoked as an ad-hoc collapse 
postulate, we propose a novel line of interference experiments 
which may be able to examine the regime of induced elements 
of reality. At the basis of the proposed experiment, lies the 
hypothesis that all models of 'induced' elements of reality 
should exhibit symmetry breaking within quantum evolution. 
The described symmetry experiment is thus aimed at being 
able to detect and resolve symmetry breaking signatures. 
Pacs numbers: 03.65.Bz, 42.50.Vk, 42.50.Dv. 



I. INTRODUCTION 

The loss of the ability to consistently use the word par- 
ticle (referring to a classical point of mass), is of course 
one of the well known implications of quantum mechan- 
ics, and stands at the base of what has been named the 
'measurement problem'. Instead, we make use of a math- 
ematical entity called the wave function, which is allowed 
superpositions which cannot describe our classical notion 
of reality. This is perhaps most readily exhibited in the 
double slit experiment. Indeed it was Feynman who de- 
scribed the double slit experiment as "...it contains the 
only mystery" [EJ. It is also a matter of general knowl- 
edge that many of the important contributors to the the- 
ory were not satisfied with this state of affairs. They felt 
that some level of independent reality does in fact exist, 
and connects to quantum expectations through some set 
of local or non-local hidden variables. Just to mention a 
few, de-Broglie for example, tried to formulate alterna- 
tives such as the 'guiding wave' or the 'double solution' 
models, which were, by his own admittance, unsuccessful. 
Nevertheless, until his last days, he continued to believe 
that a theory maintaining some sort of particle indepen- 
dent reality should be found 0. Bohm, went a step fur- 
ther by publishing a consistent formalism which enables 
the existence of a particle, while reproducing standard 
quantum expectations ||. Indeed some, such as Bell, 
have taken the view that Bohm's success presents a su- 
perior interpretation, while others thought differently M . 
Einstein with the EPR paradox, Schrodinger with the cat 
enigma, and other important contributors, were also un- 
comfortable. We refer the interested reader to some of 
the many available textbooks on the interpretation of the 
past and possibilities of the future regarding quantum 
theory §. 

Simply stated, the measurement problem may be de- 



scribed as follows: If there are two possible pointer po- 
sitions (in the measuring apparatus), the superposition 
principle maintains that any superposition of those two 
pointer positions must also be a possible state. However, 
such superposition states of macroscopic pointers have 
never been observed ||. In the language of the above 
single particle double slit experiment: The superposition 
principle does not allow us to use the word particle if 
we are to describe the evolution of the quantum system. 
However, the outcome of the experiment necessitates the 
use of the word particle in contradiction to the superpo- 
sition principle. Even if one accepts Bohr's escape route, 
which divided the world into quantum and classical, one 
is left with a fuzzy, impossible to define, border between 
the two. 

A second class of models attempting to resolve the 
measurement problem invokes 'induced reality' rather 
than 'independent reality'. Namely, classical reality as 
an outcome of processes, which depend on parameters 
such as time and mass (or number of particles). One 
example of such a model would be the spontaneous lo- 
calization through the GRW (Ghirardi, Rimini and We- 
ber) mechanism and its successors M. Another example 
is what Folman and Vager described as the 'non-passive 
Bohmian particle' S, which Bohm described as a parti- 
cle having influence on the wave function " ...so that there 
will be a two way relationship between wave and particle" 
B. In this scenario, the wave function, which determines 
the evolution of the system, is gradually distorted by the 
particle and its location - away from the form of super- 
position. There are numerous other hypothesized models 
such as Gravity based induced decoherence (see Penrose 
pOII ), but perhaps the most well known model of this 
class of 'induced reality' models, is that of a "collapse" 
due to the coupling to the environment. This is usu- 
ally referred to as Decoherence, which states in essence 
that the reduced density matrix Von Neumann called for 
(having no off diagonal elements) may be arrived at nat- 
urally through the entanglement of the system and the 
detector to the environment (see Zurek pj). In addi- 
tion to the usual parameters of time, mass and spatial 
separation (which are needed if we are to explain our ob- 
servations), Decoherence correlates the loss of coherence 
to the coupling onto the environment. 

The question we would like to address in this note, 
is how may we try and experimentally investigate the 
second class of models (where by decoherence, we will be 
referring to the important x space), so that their general 
validity would be asserted, and furthermore, how may we 



possibly differentiate between them. 



II. THE EXPERIMENTAL PROBLEM 

There are two major experimental problems concern- 
ing the observation of localization as a function of time, 
mass and the variation of the coupling to the environ- 
ment. 

Problem I: It is hard to observe a quantum system 
without coupling to it and initiating unwanted decoher- 
ence as part of the measuring process. In such a mea- 
surement, decoherence and the collapse postulate cannot 
be differentiated, since the more we couple the environ- 
ment (e.g. through our pointer) to the observed system, 
the more we know about that system, and the more de- 
phasing we expect from the collapse postulate JZl}/. Here, 
we mention the collapse postulate in the sense of our con- 
sciousness gaining knowledge about the system. 
Resolution I: Use non- demolishing measurements in 
which the system 's unitary evolution in the base of your 
choice (in our case it will always be x), is not affected by 
the measurement. 

Here, it is interesting to note, that following a sug- 
gestion for a gravitationally induced collapse model p0[ , 
Schmicdmayer, Zeilinger and colleagues have also inves- 
tigated the idea of monitoring the behavior of a coherent 
system in order to observe decoherence [13]. They made 
the point that any 'welcher weg' information would have 
to be erased or not invoked in the first place, for such 
an experiment to be performed. As will be shown in the 
following, this is exactly the idea behind our proposed ex- 
periment and why we consider it to be non-demolishing. 

Problem II: Traditionally, observed coherent systems 
in a state of superposition are particles, atoms or 
molecules. These are either too light to observe localiza- 
tion in the time frame of the experiment, or, their mass 
is fixed, making it hard to determine the proportionality 
of localization to mass. Furthermore, particles in well 
defined states of spatial superposition, are usually in mo- 
tion, which makes the control of their environment a hard 
task. 

Resolution II: Keep particles only as probe while turn- 
ing the set-up into the observed system, which is in a 
well defined spatial superposition, with a variable mass 
and environment. 

Finally we note that the affect of the environment, as 
well as other parameters, on localization has long been 
the subject of experimental interest, but as far as we 
know, with no conclusive results. For example, one such 
on going experimental effort concerns the handedness of 
chiral molecules |14j| . Another experiment investigated 
decoherence of an 'atom-cavity field' entangled state, 



where the macroscopic element was that of the phase 
difference between the cavity fields [|15J. Recently, sev- 
eral schemes have suggested ways to directly investigate 
macroscopic objects [ p.6| . In this context, micro movable 
mirrors (which are also discussed in this paper) have also 
been discussed extensively |l7| . This, however, as far as 
we know, only in the context of cavities. In the follow- 
ing we present what is to the best of our knowledge a 
novel type of experimental procedure in the context of 
localization, which may shed new light on the processes 
initiating it. It relates to the issue of symmetry in quan- 
tum phenomena, which is an underlying feature of the 
theory. Namely that the difference between classical and 
quantum states is that the phase between possible po- 
sitions is lost, and hence symmetry in space may exist 
between probabilities but not amplitudes. 



III. THE EXPERIMENTAL ASSUMPTIONS 

In ref. |§|], Folman and Vager proposed to incorpo- 
rate the two experimental resolutions described above 
by utilizing a symmetry experiment with a movable mir- 
ror, to observe localization and decoherence. Their point 
was that localization could be observed, not only by the 
breaking of energy conservation (producing photon emis- 
sion) - as suggested by Pearle and Squires , but also by 
the breaking of symmetry. However, they mainly dealt 
with issues pertaining to unfavorable empty wave models 
and gave little consideration to the experimental feasibil- 
ity. In this note, we expand the idea of the symmetry 
experiment to include all models of the second type. We 
also include different versions of the experiment, which 
may be more realizable and conclusive. Finally, we also 
present initial calculations to examine the experimental 
feasibility. 

Before describing the experiment, we lay down the 
foundation by emphasizing several assumptions that can- 
not, to the best of our understanding, be avoided. For 
convenience, we first deal with independent collapse 
mechanisms such as the GRW mechanism, and then move 
on to the more subtle question of non-independent col- 
lapse mechanisms. 

Working assumption I: The invoking of localization, 
via models of the second type, destroys amplitude (wave 
function) symmetry, even when we have not gained any 
knowledge of which of the possible x states has been oc- 
cupied. Namely, symmetric or anti- symmetric states be- 
come asymmetric. Consequently, eigen-states of Parity 
are lost. For example, it is well known that for localized 
chiral molecules having well defined handedness, Parity 
is not a good quantum number. In general, if this work- 
ing assumption were not valid, then it would follow that 
a classical reality or at the very least the change of the 
wave function, independent of our consciousness, has not 
been invoked by this second class of models, although 



this was their main goal. Indeed, symmetry of the wave 
function must be lost as the loss of the relative phase is 
an essential part of all localization schemes. 

Working assumption II: Measuring whether Parity 
is a good quantum number of the system (or even collaps- 
ing the system into an eigen-state of Parity) does not lo- 
calize the system (in the sense of the collapse postulate) , 
as it gives us no knowledge what so ever concerning its 
location. More so, even in the context of models where 
localization is independent of our knowledge, a measure- 
ment of Parity does not decohere the system (in x space). 
This working assumption is self evident as the spatial 
spread of the wave function remains unchanged by the 
Parity operator. Using once again the example of chiral 
molecules, measuring Parity does not induce handedness. 
In another example, as shown by Scully et al. JL8), send- 
ing excited atoms through optical cavities which serve as 
'welcher weg' detectors, does not destroy the interference 
pattern if the only knowledge gained is that a photon has 
been released (i.e. both cavities were exposed to the same 
photon detector), and no knowledge is available regard- 
ing at which cavity the photon has been released. As 
photon emission can only be done in conjunction with 
a symmetric atom wave function, the 'quantum eraser' 
experiment shows us that measuring the Parity of the 
atomic wave function, does not destroy its coherency. 

Working assumption III: There are no other possi- 
ble causes for symmetry breaking aside from the hypothe- 
sized localization. Namely, if the set-up is symmetric and 
the Hamiltonian conserves Parity (we neglect the weak 
force), any sign of symmetry breaking must be due to 
localization. Again, if this was not so, we would have 
observed symmetry breaking long ago, due to a breaking 
term in the interaction. 

Following working assumptions I, II & III, we set out 
to search for symmetry breaking effects. 



IV. THE EXPERIMENT 

The first stage of the experiment includes the prepa- 
ration of a symmetric initial particle wave function <I>i. 
This may be done by the apparatus presented in figure [fl. 
Dl and D2 are two particle detectors (if needed, with the 
ability to measure the particle's energy). S is the particle 
source. The phase shifter (PS) cancels the phase differ- 
ence introduced by the beam splitter (BS), between the 
phase of the transmitted wave and that of the reflected. 
We of course assume a perfect 50%/50% BS and a PS 
which is invariant to changes (as is the BS) in the wave 
number. The same apparatus also serves as the measure- 
ment apparatus with Parity eigen-states. 

The interaction region may hold several types of ex- 
periments. 



a. The closed loop interferometer: 

This interferometer has the distinct advantage of en- 
suring symmetry, as its two optical paths are one and 
hence identical. 

In the simplest case, where we set out to examine in- 
duced collapse independent of the environment, the in- 
teraction region may stay empty. 



massive mirror 




FIG. 1. The closed loop interferometer. As the interaction 
region C is transparent, both paths are identical as they are 
one of the same. S, Dl, D2, BS, PS are the particle source, 
the two detectors, the beam splitter and the phase shifter, 
respectively. The eigen-states of the measuring system are 
Parity eigen-states. While transversing the apparatus, the 
initial symmetric wave function is exposed to the influence of 
the relevant parameters such as time, spatial separation, and 
environment, or any other symmetric interaction which we 
place at the interaction region C. There is no reason for the 
outgoing wave function to loose its initial symmetry and hence 
we expect no 'click' in detector D2, unless loss of coherence 
due to localization has occured. 



The two important parameters are time and mass (or 
number of elementary particles). Mass could be con- 
trolled by the size of the particles we send into the inter- 
ferometer, and time by their velocity and the size of the 
interferometer. 

Dependence of localization on the environment, may be 
examined by introducing a symmetric interaction which 
would keep the Hamiltonian invariant to space inversion 
along the position axis (e.g. magnetic or electric field or 
modulating crystal). 

In all these cases, a 'click' in D2 would mean that the 
single particle initially arriving from S with a symmet- 
ric <I>i has now transformed to a final $^ which is anti- 
symmetric or asymmetric. As there are no reasons for $/ 
to be anti-symmetric (see assumption III) we conclude 
that Qf is asymmetric. In the single particle case some 
of the asymmetric photons would end up in detector D2, 
telling us that the particle was localized. This could be 
verified by repeating the experiment with a multi-photon 



pulse and observing hits on both detectors. As the col- 
lapse postulate cannot be responsible for the observed 
symmetry breaking (see assumption II) , we conclude that 
we have observed induced localization (see assumption I) . 

b. The open loop interferometer: 

If we are not able to achieve coherent symmetric states 
with very massive particles (needed if we are to observe 
induced localization on the time scale in which the parti- 
cles transverse the apparatus) , or if we are unable to sat- 
isfactorily control the particles' environment while they 
are in motion, we would have to resort to a more com- 
plex experimental scheme which we describe here as the 
open loop interferometer. Different from the previous in- 
terferometer, here, the interaction region is blocked by a 
second symmetric quantum system. In this scheme, we 
loose the simplicity of having only massive reflections but 
we gain the possibility of observing a quantum object in a 
localized potential, for long periods of time and with the 
ability to control its mass and environment. Consider, 
for example, the set-up of figure @. 
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FIG. 2. The open loop interferometer. Here, in addition to 
what has been described in figure 1, we position a two sided 
foil mirror, held in an harmonic potential, into the interaction 
region C. Hence, we entangle the transversing particle to the 
state of the set-up, which is also in a well defined quantum 
state with a well defined spatial uncertainty. Thus, we are able 
to examine the quantum evolution of a macroscopic system. 
Using Parity eigen-states to measure the state of the outgoing 
particle, we learn about the decoherence of the set-up, without 
affecting it. 

Here, a mirror has been placed in the interaction re- 
gion. In this example, the mirror in the interaction region 
(C) is actually a two sided reflecting foil which is in an 
harmonic oscillator potential. Neglecting inner degrees 
of freedom, such as those corresponding to the Debye- 
Waller factors (since it is known that these factors also 
exist in massive mirrors but still they reflect coherently) , 
we take account only of the center-of-mass of the foil, 
and note that it is in a Parity eigen-state (say, the even 



ground state Wi). We further note that ^>i is symmetric 
with respect to the same symmetry axis as $i. Namely, 
they are both symmetric with respect to the axis that 
lies in the plane of the beam splitter, which is also the 
plane of the average position of the foil. 

As the total initial wave function f2j = $; ® \&i is 
symmetric and as the Hamiltonian is Parity conserving 
and invariant under the combined two reflections of the 
x',x" coordinates of the two wave functions, the final total 
wave function £lf must also be symmetric and hence it 
may be defined as 
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and 'as' stand for symmetric and anti- 
symmetric, and the summation is over all possible foil 
states (The latter is a general consequence of Parity con- 
servation. For a formal derivation with the specific co- 
herent reflection Hamiltonian, see appendices). We note 
that these arguments are independent of the mass of the 
foil C. 

Changing the observation time, or the environment or 
the mass of the foil, would allow us to investigate the 
process of induced localization. Registering a 'click' in 
detector D2 with an energy that is not in accordance with 
the energy gap between the foil's initial symmetric state 
and one of the odd states, will indicate the occurrence of 
symmetry breaking and of induced localization. Again, 
using a multi-photon pulse may enable a complementary 
check to the single photon probe. 

Let us add here that although we leave the important 
question of preparation for future publications, we would 
like to note that preparing the foil in a pure quantum 
state, is for some cases not a necessary pre-condition. 
Any well defined probability distribution of state occu- 
pation, will sufice. For example, reference JIm advocates 
the appropriateness of the thermal state of a moving mir- 
ror, as a well defined initial quantum state. 

Finally we note, that changing the set-up slightly, 
one may prohibit localization signals from detector D2 
(i.e. only anti-symmetric excitation events would 'click' 
at D2), and hence establish yet another complementary 
check on the source of the deviations. As an example 
of such an apparatus, we present the set-up of figure 0. 
Here, massive mirrors A and B maintain the loop actu- 
ally closed. 

We end this section by noting that the above presented 
experimental procedure should be able to investigate any 
model in which decoherence is also a function of mass 
and time. As these parameters are essential in all mod- 
els of the second type, we conclude that the symmetry 
experiment may be utilized to investigate the full range 
of models of this class. 




of the number of particles in the foil, is presented in figure 
1 



FIG. 3. The semi-closed loop interferometer. Here, we add 
two massive mirrors to the set-up of figure 2, so as to close 
the interferometer loop. This, makes the set-up insensitive to 
localization signals while still sensitive to quantum excitations 
of the mirror foil, hence enabling a further verification of our 
understanding of the results. 



V. SOME NUMBERS 

Let us make some initial calculations for the open loop 
interferometer, to show what kind of experimental pro- 
cedure would be needed to realize this experiment. 

We start by the demand that the wavelength A of the 
probing particle would be much smaller than the local- 
ization position Xi oc which is of the order of the width 
W of the ground state at interaction region C (If this 
were not so, the localization signal would be suppressed 
as y — tan 2 (47r-^) where I\ and I? are the photon in- 
tensities at detectors Dl and D2. A derivation is given 
in appendix A). For now, let us then assume an har- 
monic potential so that W — \/fi(n + ^)/(^mui) >> A 

(which only differs by a factor \[2 from the frequently 
used W = \/< x 2 >). 

We would first like to see if we are able to isolate 
through energy measurements of the outgoing particles, 
those 'clicks' at D2 which do not originate from the stan- 
dard odd excitations of the foil mirror. If we take for 
example the photon as a probing particle, and assume 
that we are able to use light from x-ray to red at a wave- 
length of 0.1 — lOOOnm, and system C is say in the ground 
11 = state, we find that for x-ray (red): 




>> O.lnm(lOOOnm) or muj « 10~ 14 (1(T^) (2) 



The needed energy resolution ^- in order to be able to 
take account only of non excitation events, as a function 
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Number of particles 

FIG. 4. Needed energy resolution -Sp as a function of the 
number of foil nucleons, for the two examined extremes of the 
feasibly used light spectrum. 



Demanding a detector energy resolution of say 1CP 13 , 
the harmonic frequency w should be less than 10 5 , which 
would mean for the preferred x-ray, an oscillating mass 
of 10~ 19 fcg or 10 8 particles. This would mean a 10 -7 col- 
lapse probability per second (If one is to take for example 
a GRW factor of 10~ 15 collapse probability per particle 
per second |l!|). To observe ten events one would need 
three parallel set-ups continuously performing a one sec- 
ond experiment for the length of a year. Indeed, it seems 
that with present available energy detection resolution, 
it would be very hard to perform this experiment, while 
maintaining sensitivity to the full range of possible sec- 
ond class models and parameter values [P0| . 

Following the above conclusion, let us now examine 
whether perhaps energy measurements would not be 
needed since excitations will be suppressed by the max- 
imally allowed energy transfer. We note that the maxi- 
mum energy transfer by the photon cannot exceed that 
allowed by momentum conservation, namely: — — — « 
^^2 — which would mean in the case of a 10 8 nucleon 

m 

oscillator, an approximate transfer of 8 x 10 5 Hz. This 
should be compared with the 10 4 Hz maximally allowed 
energy spacing, under condition (2). This ratio between 
the maximum transferred energy by momentum conser- 
vation and the maximally allowed harmonic energy spac- 
ing is constant for all masses and wavelengths, and has 

the value of m l^tx 1 = ^ 2 - Namely, momentum con- 
servation does not prohibit the harmonic oscillator sys- 
tem from being excited to at least the first odd level. 

As we have taken \ki\ and \kf\ to be identical, the latter 
calculation is of course only valid in the limit of massive 
objects which due to their mass do not receive significant 
recoil energy. For exact numbers, we would need to make 
the quantum calculation which is simple enough. The 
probability for the foil not to be excited is simply the 
well known Debye- Waller factor Pq^q which is for the 



case of the x-ray, and again under condition (2) 
than 



smaller 



-35 



exp(-/i 2 (2fc) 2 /2r7iM = exp(-8?i7r 2 /A 2 1CT 14 ) « 10 

(The full calculation may be found in appendix B). We 
see that the energy transfer can actually be equal to many 
times the harmonic energy spacing. Hence, we come to 
the conclusion that working within the 'high resolution' 
W >> A regime and with non-excitation events, is not 
feasible (this is true for both x-ray and red light). 

Finally, one may then ask: Can we avoid the need 
for energy measurement altogether by simply preparing 
an experimental procedure in which Po^ n (odd) (i- e - the 
expected excitation signal at D2) is well known? Namely, 
by knowing what the expected 'noise' in D2 is (i.e. the 
anti-symmetric photons coming from excitation events), 
one can differentiate between the signal at D2 and the 
'noise'. However, for the experiment to be feasible, one 
must make sure that the noise does not overwhelm the 
signal. Hence, we need to calculate the values of the ratio 



b. Multi-photon (pulse) experiment, where I1/I2 
are different for a symmetric outgoing pulse, an anti- 
symmetric outgoing pulse and an a-symmetric outgoing 
(3) pulse. Here, a localization event may be detected by the 
abnormal intensity of a single pulse split at the beam 
splitter. 

Experiment a: To see if this experimental procedure 
allows for a reasonable signal over noise ratio, and for 
what values of the parameters it does so, we calculate 
R as a function of m, A and to. As mentioned before, 
we ignore the internal degrees of freedom (based on the 
coherent reflection of visible light mirrors and x-ray grat- 
ings) and treat the center-of-mass motion of the mirror. 
Namely, as in the Mossbauer effect, there are no exci- 
tations of internal degrees of freedom. Whether or not 
this is a good approximation, depends on the specifics of 
the incoming wave and the mirror, including its thickness 
and material (see in the following, discussion regarding 
the extinction coefficient in section 'The mirror'). With 
the above assumption, and in the Lamb-Dicke limit (see 
full calculation in appendix C), we find R to be 



R = 



1 — Po-m=0. 



2,4,. 



h/ih + h) 



where, 



T P + OO Y 

y-^y = / f(X loc ) si n 2 (4^)^ ( 

J2+J1 J_oo A 



and where, 



f(X loc ) = mX loc )^ (X loc ) 



(4) 



(5) 



(G) 



One more possibility to bypass the need for identifying 
the photons via an energy measurement, is to use multi- 
photon pulses, as described before. 

In the following section we investigate these two propo- 
sitions. 



VI. THE PROPOSED EXPERIMENTAL 
PROCEDURE 

From the previous section it is understood that for lack 
of very small line width sources and very high resolution 
energy detectors, it seems we are left with two viable ex- 
perimental procedures, which do not make use of energy 
measurements : 

a. Single photon experiment, where the search will be 
for deviations from the calculated ratio I1/I2 between 
symmetric and anti-symmetric photon final states. Here, 
many repetitions of the same single photon experiment 
will enable us to directly measure the ratio between sym- 
metric and anti-symmetric final states, which in turn is a 
consequence of the excitation probabilities. This experi- 
ment will enable us to measure the excitation probabili- 
ties in a quantum macroscopic system and to be sensitive 
to deviations which are due to localization. 



(7) 
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rj 2 + {higher orders) 
h/{h + h) 

where rj is the Lamb-Dicke parameter \/f^j 

(E r is the recoil energy), and where we have neglected 
factors which appear in appendix C. 

Of course, whether or not a system is in the Lamb- 
Dicke limit depends on the chosen experimental param- 
eters. Indeed, the accurate calculation of R, which is 
essential for any experimental realization, will depend 
heavily on the set-up. Hence, keeping to a general frame, 
we plot in figure o a simple example of the behavior of 
R: the upper bound of R, namely, 



Abound — 



1-Pf 



0^0 



h/(h + h) 



(8) 



(this simple enough calculation is also presented in ap- 
pendix C). The rather striking 'inversion' in Rbound seen 
in the figure, is dependent on the mass of the foil, its 
frequency and the frequency of the impinging light, only 
via the parameter 77! For x-ray and 10 15 particles, the 
frequency of the foil is / = ^-Hz. This means that in 
order to observe the inversion in R, one would have to 
work in the regime of very low frequencies. However, it 
is expected that the full 'inversion' presented in figure |g, 
would not be experimentally observable in any case; as 
can be readily seen from the Debye- Waller expression in 
cq. (3), which simply equals exp(— if): Pq^o < 10%(> 
90%) for 77 > 1.5(< 0.3). One may then roughly assume 
that for the first case 1 — Po^o - * 2(1 — Po-> n =o24..) 
since Pq^o — > and Po->o,2,4,.. — > h- Similarly for the 
second case, 1 — Po_»o —* l~Po^n=o,2,4,.. since Pq^q — ► 1 
and Po— »o,2,4,.. ~> 1- Hence, we find respectively that for 
j] > 1.5: R — > ^Rbound, and for 77 < 0.3: R — > Rbound- 
Consequently, this means that instead of observing the 



full 'inversion' one should be able to observe a peak in the 
value of R for r\ in the region of 0.9. This is qualitatively 
described in figure o. 



= 

3 








1.8 






1.6 






1.4 






1.2 







FIG. 5. Rbound as a function of rj, which in turn is a func- 
tion of the foil mass and frequency, and the waveleng th of 
the light, with the relation r) = ^W/X = f^fi/2mw. The 
dashed line qualitatively presents the general expected form 
of R (see text). Note that the Lamb-Dicke limit is only valid 
for 77 << 1. 



As R < Rbound, the experimental sensitivity for the 
various values of the experimental parameters, will be 
better than that indicated by the bound. Observing the 
above form of the dependence of R as a function of m, 
may serve as yet another verification that the deviations 
that are observed at detector D2, indeed originate from 
localizations. For example, for a constant 10Hz foil fre- 
quency, the range of 0.1 < rj < 2 could be scanned 
by simply changing the mass of the foil in the range 
10 12 < no. of particles < 10 15 . 

As for red light, one can easily see that for 10 15 par- 
tides / = ^-5- Hz, which means that although one may 
perform the experiment with red light (reasonable anti- 
symmetric 'noise' to signal ratio), one is not able to ex- 
plore the 'inversion' regime, as the needed foil frequency 
would be far below 1Hz (which would probably be me- 
chanically hard to achieve. See following section: "The 
mirror"), or alternatively, the needed foil mass would be 
extremely small, and in order to observe decoherence, one 
would have to maintain a stable and isolated experiment, 
for long periods of time. Nevertheless, if one has enough 
statistics, one may try and observe the logarithmic be- 
havior of R for smaller values of the 77 parameter. In any 
case, it should be once again noted, that as the observa- 
tion of the 'inversion' or logarithmic behavior are mere 
verifications, the experiment itself could be performed 
with a large range of light and mirror frequencies. 

Finally, we add that although in general, localization 
times in the different models depend on the number of 
particles or the mass, some models also take into ac- 
count the spatial seperation. For our bound mirror foil, 
the larger the mass, the smaller the ground state size 
and hence the position uncertainty, which constitutes 



the seperation between the different possible positions. 
Thus increasing the mass will on the one hand shorten 
the decoherence time but on the other hand prolong it. 
It is therefore clear that the exact parameters needed in 
order to achieve decoherence on the experimental time 
scale, are model dependent. However, it is also clear 
that any model attempting to explain the 'localization 
of the pointer' must also predict the localization of our 
mirror. It remains to adjust the experimental parame- 
ters so that the predicted decoherence times are within 
the experimental time scales. 

We now turn to the second possible experiment. 

Experiment b: The immediate and clear advantage of 
a multi-photon pulse experiment, is of course the fact 
that a single experiment (i.e. one pulse) can detect a 
localization. The clear signal would be an I2/I1 ratio 
which is classically related to the Xi oc of the localization. 
Integrating over all observed localization signals, should 
of course be in agreement with the density function of 
the ground state. The important issue at hand is: what 
would be the signal coming from non-localization events 
(coherent excitation and non-excitation events). 

Let us assume the pulse as being a simple sum of N 
independent photons. Let us also assume that we are 
working in the limit where N x Pi nt << 1, where Pmt 
is the probability of an inelastic (i.e. excitation) photon- 
foil interaction. Namely, if a photon inelastically inter- 
acts with the foil, the chance of another such interac- 
tion in that pulse, is negligible. As we have seen for the 
Lamb-Dicke limit, this is indeed the case. In this limit we 
can expect that a maximum of one photon would 'click' 
at D2 for every pulse, while for a localization event, we 
would expect on average many more. We will leave fur- 
ther elaboration regarding this option for a specific note, 
and simply state that as long as the above assumptions 
are correct, and as long as the pulse time imitates the 
single photon experiment in that it is short relative to 
the period of the oscillator, we expect the multi-photon 
experiment to have interesting features worth examining. 

We now turn to discuss some aspects of the mirror 
design. 



VII. THE MIRROR 

In the previous paragraphs, we calculated the excita- 
tion probability without taking into account the specific 
features of the mirror. Obviously, a full account of the 
mirror features has to be made. This is not just a mat- 
ter of the mirror's material. The mirror's thickness may 
also dominate the ability of the mirror to reflect or to 
have a wanted ground frequency (e.g. of the order of the 
example 10Hz). In the following we present some pre- 
liminary classical considerations which will have to be 
followed when constructing the mirror. 

For example, if one takes an atom to have a volume of 
10 cubic Angstrom, then a 1mm 2 mirror, would have a 



thickness of only 10 — 1000 atom layers for 10 13 to 10 15 
atoms. The question then arises if such a small thick- 
ness can have non-negligible reflectance. Taking perpen- 
dicular impinging beams (i.e. parallel and perpendicu- 
lar polarisations give rise to the same border reflection), 
and for simplicity ignoring interference between reflec- 
tions coming from the two mirror bounderies, one should 
expect reflection from each of them, with a strength of 
|(JVi - N 2 )/(N 1 + N 2 )\ 2 where iVi and N 2 are the com- 
plex indices of refraction of the mirror and its surround- 
ings (N = n + in, where n is the index of refraction and 
K is usually referred to as the extinction coefficient. If 
n/n » 1, then k may be neglected in the above cal- 
culation). From the latter it is clear that in order to 
reflect, the mirror material must be immersed in an en- 
vironment with an index of refraction different than its 
own, or alternatively, when this is hard to achieve such 
as for x-ray, the mirror should be constructed to Bragg 
reflect the light, k also affects the internal scattering and 
heating of the mirror. A small K ensures that the internal 
absorption 1 — exp(— 2knx) will remain small (where k is 
the wave vector of the incoming wave and x is simply the 
propagation distance of the wave within the material). 
Experimental values for the extinction coefficient in the 
x-ray region are usually of the order of 10 -6 to 10~ 7 [pTj . 
Making use of these numbers and a mirror thickness of 
10CL4, one finds an absorption of less than 1%. Of course, 
a more accurate account should also take into consider- 
ation factors like the dependence of the extinction coef- 
ficient on temperature, errors rising from roughness and 
contamination of the mirror surface, etc. pi] . For red 
light, having an extinction coefficient of about 10 (for 
example, metals in the red region), one finds that the 
absorption for a 100A mirror would be above 50% and 
must therefore be seriously considered. 

One should also consider the mechanical properties 
of such a mirror. Namely, can the mirror be fabri- 
cated to have the example frequency of 10Hz. It is well 
known that rectangular or circular plates with clamped 
edges have a fundamental (0, 0) mode frequency of or- 
der Chh/L 2 (times 1.654 or 0.4694 for rectangular and 
circular, respectively), where L is the dimension of an 
oscillating plate of thickness h and Cx = y/E/p(l — v 2 ) 
is the velocity of sound in the plate p2]. E is Young's 
Modulus. Taking for example metals, E is in the order 
of 10 — 20 x 10 3 N/m 2 , p is the density, which for metals 
is in the order of 10 — 20 x 10 3 kg/m 3 , and v is Poisson's 
ratio, which is 0.3 for most materials. Taking the thick- 
ness to be 100^4 and the mirror to be of dimension lmm, 
one finds that the frequency will be of the order of 10Hz 
as required. 

Finally , we discuss environmentally induced decoher- 
ence. 



VIII. OBSERVING ENVIRONMENTAL 
DECOHERENCE 

Before the end of this paper, we would like to revisit 
the issue of the work assumptions. The working assump- 
tions, which have been presented in the beginning of the 
paper, form the underlying logic behind the hypothesis 
that the symmetry experiment should exhibit sensitivity 
to all models of the second class. However, the differ- 
ent models of this class have slightly different features 
and hence require slightly different working assumptions 
to ensure the sensitivity of the experiment to them. In 
the beginning of the paper, we started for simplicity with 
the GRW model. As an example of a different model, of 
a non-independent collapse nature, we now briefly dis- 
cuss the environmentally induced collapse model. Here 
we will simply repeat the three working assumptions for 
the case of environment related collapses, and note that 
a fourth assumption should be added: 

Working assumption I: The invoking of coherence- 
loss, via models of the second type, destroys amplitude 
(wave function) symmetry, even when we have not gained 
any knowledge of which of the possible x states has been 
occupied. Namely, symmetric or anti- symmetric states 
become asymmetric. Consequently, eigen-states of Par- 
ity are lost. Here we have replaced the original mention 
of localization with the more general and perhaps appro- 
priate word 'coherence- loss'. If this working assumption 
were not valid, then it would follow that a classical reality 
or at the very least the loss of phase relations, indepen- 
dent of our consciousness, has not been invoked by the 
Decoherence model, although this was its main goal P3| . 

Working assumption II: No change. 

Working assumption III: No change. 

Finally, if our experiment is to be able to observe De- 
coherence, we need a fourth assumption: 

Working assumption IV: For the case of Decoher- 
ence, we assume that for two counter-propagating par- 
ticles (in the case of the closed-loop interferometer) or 
for two counter-propagating foil states (in the case of the 
open-loop interferometer) , the states of the environment 
are orthogonal. Hence, in the framework of Decoherence, 
the main condition for coherence-loss to occur, is fulfilled 
by the experiment we have described. As one can see in 
reference [[llj , the states of the environment correspond- 
ing to a certain two-state superposition, must be orthogo- 
nal if decoherence is to occur. If this condition cannot be 
realized by any kind of 'aconscious' interaction between 
our system and the environment, just as it would for two 
pointer positions, then again, as in assumption I, we find 
that the model has not achieved what it has set out to 
do, namely, arrive at a loss of coherence independent of 
our consciousness. 



IX. OUTLOOK 

In a sequential paper, we will specifically treat the pre- 
dictions of the different models of the second type in the 
context of the symmetry experiment. There, we will also 
address the question of system preparation (e.g. initial 
mirror states fig] and mirror cooling |24| ) . 

One should of course also thoroughly examine the mir- 
ror model and other realistic mechanisms which are able 
to produce an asymmetric signal, e.g. collisions of back- 
ground gases with the mirror. The latter can, for ex- 
ample, be isolated through different scaling laws with 
respect to the mirror surface area. 

Finally, one should note that other, perhaps advan- 
tageous, possibilities for the interaction region C, may 
include large atoms or molecules or perhaps even con- 
densate gases, in a trap with very long coherence times. 



X. SUMMARY AND CONCLUSION 

We have discussed the class of induced localization 
models, among them Decoherence. We have shown that if 
these models comply with several assumptions, essential 
to their philosophy, then, a symmetry based experiment 
should be able to investigate the hypothesized loss of co- 
herency. 
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One should also consider the fact that in a bound state 
it could be that localizations would cause excitation to 
higher quantum levels with specific Parity, rather than 
ending up as the localized asymmetric states we are con- 
sidering here M. Hence, in a real experiment, this rate 
should be calculated and subtracted from the signal. 



APPENDIX B: DEBYE- WALLER FACTOR 

Let us calculate the Debye- Waller factor for the foil: 
First, we expand the ground state in the momentum 
basis |z) = Ylk' l^'X^'K) an d n °te that exp(— ik A x) op- 
erating on a plane wave state, changes the wave num- 
ber by an amount k which is simply the difference be- 
tween the incoming photon wave number k\ and that 
of the outgoing photon /c2 i.e. k A = kl + k2 namely, 
exp(ik x)\k') — \k' — k ). Summing over all k' one gets 
the familiar |/) = exp(— ik A x)\i). Now, 



Po- 



%(x)(K + + K_)* n (x)\< 



(Bl) 



where K + = i(exp(— ik A x) + exp(ik A x)) and K_ 



exp(— ik 



exp(ifc x)) are simply the symmetric 



b 

and anti-symmetric kick operators. The factor i in the 
K operators, which comes from the normalization of the 
photon wave function, ensures that although different 
from the standard Mossbauer calculation i.e. here we 
have a kick from both sides, the result stays the same 
(see appendix C). 

Let us now calculate Po^o- We note Q n (x) = 
, i'l l (x)'^ n (x) as the density operator and find: 



Po- 



tf5(aO# + tto(aOI' 



APPENDIX A: LOCALIZATION SIGNAL 

Let us assume the foil C is localized at distance |A^ oc | 
from the x = symmetry axis. 

Let us now assume a normal plane wave exp(ikx) 
where k is the absolute value of the wave number. Di- 
viding away the normalization and other identical fac- 
tors, and remembering that the phase shifter cancels the 
phase difference introduced by the beam splitter (here 
for example we take tt/2), one finds for ^: 

\cyL P (i[k(x+2X loc )])+cx P (i[k(x-2X loI: )])\ 2 _ 

\cyip(i[k(x+2X loc )+TT/2\)+cxp(i[k(x-2X loc )+3Tr/2\)\ 2 

|[cxp(i2fcX; 0( ,)+cxp(-^2fcXi 0c )]cxp(i7r)| 2 _ 

| cxp(i2kXi oc ) cxp(i7r/2)+cxp( — i2kXi oc ) cxp(i37r/2)| 2 

cos 2 (2fcX| oc ) 

sin 2 (2kX loc ) 

where, for simplicity, we have neglected taking account of 
the expected non-negligible transmittance of the mirror, 
due to its small thickness. 
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Q Q x 
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?o^(2-(* A )V)| a 



|l-^(* 2 }o| 2 «l-(fc A )V)o 



exp(-(fc A ) 2 (x 2 ) ) = cxp{-h 2 (k A ) 2 /2mhLu) (B2) 

As for this case k\ = ki since there is no energy transfer, 
the final result is 



exp(— 2h k 1 /mtko) 



(B3) 



The above probability for the foil not to be excited is 
simply the well known Debye- Waller factor for the case 
of reflection. 



APPENDIX C: EXCITATION PROBABILITIES 

In the previous appendix, we presented the classical 
quantum calculation for the Debye-Waller factor. In 
the following, we present the same calculation but in 
the language of annihilation and creation operators, in 
a way which can be easily expanded to calculate exci- 
tation probabilities to all levels. Furthermore, in this 
appendix we rigorously describe how the system Hamil- 
tonian allows for excitations to both symmetric and anti- 
symmetric states. 

Let us consider H the total coherent scattering 



state from symmetric to anti-symmetric. Expressing the 
latter formally, we note: 



Hamiltonian of our system Hu g ht 

^-polarization ~v~ ^interaction t-0 DC 



H r 



-mirror 



Tiv(a + a + + ala_ + 1) + 



huj(b r b +7:) + fi^c + -) - aE 2 



(CI) 



where, v, uj and \x are the frequencies of the light, mir- 
ror and polarization, respectively, and a, b and c, are the 
usual creation and annihilation operators. a + and a_ 
denote photons going right and left along the x-axis of 
the experimental set-up described earlier, a is the polar- 
izability and E is the electric field of the incoming light, 
which is simply: 



E = e{a H 



^(ikx) 



( — ikx) ~ (—ikx) ~ (ikx) 

a—e y ' — a+e y ' — a_e v 



}e (C2) 



where e = 



2e V 



and e is the polarization vector 



(P = aE is usually denoted as the polarization of the 
medium. Here, for simplicity, we neglect the variation of 
P as a function of x. For wavelengths short compared 
to the thickness of the mirror, this will of course have 
to be taken into account. We also note that expressing 
P in terms of (c + c 1 ) as is usually done, and using the 
adiabatic approximation % = i[H,c] = to calculate c, 
gives the same result). Hence we find for Hint-, 



k j(2a + a_ 



a + a+ + 2a\a_ 



(a+ - alfe {V2hx) + (a_ - a\.) 2 e^ i2kx ^} 



e 2 



ala_) + 



(C3) 



Noting that the first term is responsible for off-energy- 
shell (virtual) photons and phase shifts, we write: 



V e ff = ae 2 {(a+a_ + a' + a-)2cos(2kx) + 
i(a+a_ — a\_a,-)2 sin(2fcx)} 



(C4) 



We see here, how V e // has the ability to excite the foil 
into a symmetric state while leaving the photon wave 
function symmetric, or alternatively, to excite the foil 
into an anti-symmetric state while changing the photon 



1 



|*(0)) = -^|0) m (|l)|0) + |0)|l)) p 



(C5) 



where m means 'mirror' and p 'photon'. As jr-& \^(t)) = 
Ho\^(t)) + V e ff\^(t)), the changes in the wave function 
will be proportional to: 



2cos(fc A 2 ;)|0) m — (|1)|0) + |0)|1)) P + 



2zsin(A : A a ; )|0) m ^=(|l>|0>-|0)|l» p (C6) 

where k has been defined in the previous appendix. The 
relative excitation probabilities will thus be: 



-*[) — >n(even) 



-|(n|cos(fc A a;)|0)| 



and 
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-|(n|sin(fc x 



(C7) 
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Let us calculate P: 

In the Lamb-Dickc limit 



251, n = 






A / ft 

2 in. u 



■^SW/A << 1, where rj is the Lamb-Dicke parameter, 
W the size of the harmonic potential ground state, A the 
wavelength of the impinging light, m and uj the mass and 
frequency of the oscillator, and E r the recoil energy. As 
can be readily seen, in this limit the ground state size 
(or recoil energy) is much smaller than the wavelength of 
the incoming beam (or oscillator energy spacing). Hence, 
an expansion of the excitation matrix element in powers 
of 77, is allowed. Making use of our typical numbers (i.e. 
to = 10 15 particles and u> = 2tt x 10Hz), one finds that 
our system is within this limit for the full range of x-ray 
to red light. This limit is of course very different from 

our initial demand of \ -^- >> A, which results for the 

y muj ' 

same mass and frequency range, in extremely low values 
for the harmonic oscillator frequency. It is also very dif- 
ferent than the parameter regime which one would need 
in order to observe the described form of R. We now turn 
to calculate the probability for excitation to the even and 
odd states. Using the results of the previous appendix 
and the above definition of 77, and using the normal con- 



vention for the position operator x 
find: 



(2^)*(a + « f )> We 



PQ^n(even) =^\{n\ COS^O + a t )]|0)| 2 



J2\{n\l-~r ] 2 (a + tf) 2 \0)\ 2 = l-r l 2 



(C9) 
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where we expanded up to second order in rj, and where 

2 ~4 

all probabilities should be multiplied by tJ- and by the 
total photon scattering probability f2. A very small f2 
(e.g. due to small thickness), will cause the overall inten- 
sity in D2 to be much smaller than that calculated above, 
as P are calculated only for the portion of the photons 
which are scattered. 

2. In order to calculate Rbound, one simply needs to 
calculate ^/(h + Ii), as we have already calculated Po^o 
in the previous appendix. 

As 



exp(— a 2 x 2 ) cos(bx) 



/o 
and as 



and 



o 
one finds: 
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Jo 2a 



exp(— a 2 x 2 ) cos(ox) 



0Fexp(-o 2 /4a 2 ) 
2a 



exp(-a 2 x 2 ) sin 2 (-cc) = ^-(1 - exp(-6 2 /4a 2 )) 
-oo 2 2a 

Defining, a = 

Abound 



^ &ndb= ^f, we find: 
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, 1 - exp(-8^ 2 /A 2 a 2 ) 
; i-exp(-167r 2 /A 2 a 2 ) 
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